Biotic interactions in the rhizosphere are biologically important and although many of those interactions have been well-studied, the role of secreted proteins in the crosstalk between microbes and roots has not been investigated. Here, protein secretion was studied during the communication between the roots of two plants (Medicago sativa and Arabidopsis thaliana) and the bacterial symbiont of one of these species (Sinorhizobium meliloti strain Rm1021) and an opportunistic bacterial pathogen of A. thaliana (Pseudomonas syringae pv. tomato DC3000) using a proteomic approach. It was found that protein exudation in the M. sativa -S. meliloti interaction caused an increase in the secretion of seven plant proteins, such as hydrolases, peptidases, and peroxidases among others in two or more time points compared with the plant control. In addition, four proteins, all from bacterial origin, were increased 1.5-fold more in this interaction compared with S. meliloti alone. However, these proteins were not induced when M. sativa was inoculated with P. syringae DC3000. The interaction between A. thaliana and P. syringae DC3000 highly induced the secretion of several plant proteins related to defense soon after initial contact with P. syringae, but these proteins were not secreted in the incompatible interaction with S. meliloti. The results of this study reveal a specific, protein-level crosstalk between roots and microbes. These results suggest that secreted proteins may be a critical component in the process of signaling and recognition that occurs between compatible and incompatible interactions.
Introduction
Plants experience numerous biotic interactions under natural environmental conditions (1) , and in the rhizosphere roots tend to interact with soil microbes using highly sophisticated mechanisms (2) (3) (4) (5) (6) . The initial recognition between roots and microorganisms depends on a wide range of signals emanating from both plants and microbes. On the root side, the main signals come in the form of root exudates, a complex mixture of chemicals including carbohydrates, phenolics, flavonoids, and proteins (7) . The composition of the phytochemicals present in the root exudates tends to vary depending on the nature of the interaction and is likely controlled by a network of root transporters and specific genes (8-12). On the microbial side, bacteria release quorum-sensing signals to regulate their population density and these signals have been shown to induce changes in the accumulation of root proteins (13). Relatively less is known about signals released by fungi in the soil (14) although it is well-known that host root exudates play a key role in the stimulation of hyphal growth (15), and a recent study has identified strigolactone 5-deoxy-strigol released by roots of Lotus japonicus as the compound involved in establishing the initial interaction with mycorrhizae (16).
Roots and soil bacteria are engaged in highly specific chemical communication leading to biologically significant interactions (2;17;18). The symbiotic association between the Rhizobiaceae family (including the genera Azorhizobium, Bradyrhizobium and Sinorhizobium) and leguminous plants constitute the best known example of this chemical exchange of information. It has long been known that root flavonoids and betaines released by the plant root are perceived by the bacterial NoD family of transcriptional activators in Rhizobia (19-24) and lead to the release of nod factors that cause the root hairs to curl, providing a haven for the bacterial colonizers. However, new information has shown that not only the nod genes are responsible for early nodulation events. For instance, the photosynthetic Bradyrhizobium, which does not have nod genes in its genome, has shown that purine derivatives are required to initiate nodule formation (25) .
The studies of signals between rhizobia and legumes have been restricted to secondary metabolites released from the roots or carbohydrates secreted from the bacteria (21;26-29). However, other compounds, particularly macromolecules such as proteins, may also be involved in this process. For instance, in the symbiosis between the squid Euprymna scolopes and the luminous bacterium Vibrio fischeri, the bacteria enhance the production of an enzyme in the symbiotic organ of the squid, functionally similar to the mammalian myeloperoxisase, that plays an important role in the initial interaction required for the squid's luminescence (30). This enzyme helps control the symbiont specificity and bacteria growth. In mammals, this protein participates in a complex antimicrobial response. Further, a member of the mindin-F-sapondin family of secreted extracellular matrix proteins in bacteria accounts for a unique pattern-recognition molecule in the extracellular matrix of the bacteria that is essential for the initiation of the immune response in mice (31). In plants, proteins are only recently being recognized as key players in the recognition of and resistance to bacterial pathogens (32). For instance, the most abundant bacterial protein elongation factor Tu elicits innate immunity in A. thaliana, contributing to its resistance to bacterial pathogens (33). Given the lack of information about the participation of protein signals in the interaction between plant roots and soil microbes, we provide in this study a detailed proteomic analysis and comparison of protein secretion during the early interaction between the roots of two plants, Arabidopsis thaliana and Medicago sativa, with two bacteria, Pseudomonas syringae pv. tomato DC3000 and Sinorhizobium meliloti strain Rm1021.
Experimental procedures
Plant material and growth conditions. A. thaliana ecotype Col-0 (wt) seeds were purchased from Lehle Seeds (Round Rock, TX) and M. sativa (OCIA certified) seeds were obtained from a local store (Fort Collins, CO). The seeds were surface sterilized with 3% (v/v) sodium hypochlorite for two minutes for A. thaliana and twenty minutes for M. sativa followed by three washes with sterile distilled water. The seeds of both plants were germinated on solidified MS (34) medium supplemented with 3% (w/v) sucrose in a growth chamber at 25 + 2 ºC and 16/8 h day/night photoperiod. Each individual seven-day-old plant was transferred into one Magenta box containing 15 ml of liquid MS medium supplemented with 3% (w/v) sucrose and placed on a shaker set at 70 rpm, 24 + 2ºC under photoperiod of 16/8 h. Sixty Magentas boxes containing one plant each were used for each replicate of the different experiments as described below.
Time course collection of root exudates.
A. thaliana Col-0 (wt) and M. sativa plantlets were grown in Magenta boxes as described above. At twenty-one days, each plant was washed three times with sterile distilled water and transferred to a new Magenta box containing 10 ml of fresh MS media. At intervals of 6, 12 and 24 hours post transfer, the exudates of plants in sixty separate Magenta boxes were collected, pooled and centrifuged at 8,000 g for 15 min at 4ºC to remove the root sheathing. The supernatant was filtered through a 0.2 µm syringe filter and the filtrate was concentrated to 500 µl by passing through Amicon Ultra Centrifugal Filter Devices (MWCO: 5000 Da, Millipore). Root-exuded proteins were stored at -80ºC until use. For the collection of exudates from roots inoculated with microorganisms, we used P. syringae pv. tomato DC3000 (35), a pathogen of A. thaliana and an innocuous microbe to M. sativa, and S. meliloti Rm1021 (36), a N 2 -fixing symbiont of M. sativa which is neither beneficial nor pathogenic to A. thaliana. The bacteria P. syringae pv. tomato DC3000 and S meliloti strain Rm1021 were grown overnight in LB liquid media with 50 μg/ml of rifampicin and 100 μg/ml of streptomycin respectively, then the overnight cultures were mixed with MS liquid media separately to a final OD of 0.02. The proteins secreted after 6, 12, and 24 h from the bacteria in MS media were used as a control. The plants were washed three times with sterile distilled water and then transferred to fresh MS media previously inoculated with the bacteria having a final OD of 0.02 as described above. The roots of each type of plant were inoculated separately with the bacteria and after 6, 12 and 24 hours the root exudates of sixty plants (grown separately) were collected and centrifuged at 8,000 g for 15 min at 4ºC to remove root debris and the microorganisms. The supernatant was filtered through a 600 600 nylon syringe filter of pore size 0.22 μm (Pall Life Sciences, East Hill, NY, USA, Cat. PN 4612 or Nalagene, Rochester, NY, USA, Cat. 195-2520) and the filtration was concentrated to 500 µl by passing through Amicon Ultra Centrifugal Filter Devices (MWCO: 5000 Da, Millipore) to separate the secondary metabolites from the proteins and to remove the salts. Secreted proteins were stored at -80ºC until use. For each type of plant and treatment three biological repetitions (n=3; 180 plants in total) were used, and each experiment was repeated three times. The same volume of MS media used for plants alone was used also for bacteria alone. The protein concentration of the samples were determined as described by Bradford (37) using a protein assay kit (Bio-Rad) and bovine serum albumin (BSA) was used as a standard.
Two-Dimensional
Electrophoresis (2-DE) Separations. 2-DE was used to separate (38) and quantify the proteins secreted in the exudates of roots interacting with bacteria. The proteins in the root exudates of A. thaliana alone, A. thaliana inoculated with P. syringae DC3000, A. thaliana inoculated with S. meliloti, M. sativa alone, M. sativa inoculated with P. syringae DC3000, M. sativa inoculated with S. meliloti, P. syringae DC3000 alone and S. meliloti alone were analyzed by 2-DE following 6, 12 and 24 h. One hundred and fifty micrograms of total exuded protein for each time point/treatment were analyzed by 2-DE following the protocol described by Lei et al. (39) . Briefly, the exuded proteins were precipitated using 12.5% (w/v) TCA plus 1% 2-mercaptoethanol and incubated at -20 °C for 45 min. IPG strips (ImmobilineTM Dry Strips, 24 cm, pH 3-10 non-linear, Amersham Biosciences) were rehydrated for 12 h at 20°C with 150 µg of protein in 450 µl of 2-DE solubilization buffer consisting of 9 M urea, 3% (w/v) CHAPS, 2% (v/v) Triton X-100, 20 mM DTT and 0.5% ampholytes. IEF of proteins was performed using the following stepped gradient: 500 volts for one hour, 1000 volts for one hour, and 8000 volts until a total of 50,000 V-h had been achieved. After focusing, the IPG gel strips were incubated for 10 min in equilibration buffer (6 M urea, 50 mM Tris-HCl pH 8.8, 30% glycerol, 2% SDS, and traces of bromophenol blue) containing 2% DTT followed by 10 min incubation with equilibration buffer containing 2.5% iodoacetamide. After equilibration, the IPG strips were placed on the top of a resolving SDS polyacrylamide gel (12.5% T, 1 mm thick) and electrophoresized at 110 mA overnight at 10˚C. Separated proteins were visualized using silver staining (40) and resultant gels were digitally imaged with a Bio-Rad FluorS equipped with a 12-bit camera. Protein spot detection, quantification, background subtraction and comparative analyses were performed using Phoretix 2D Expression software (v 2005, Nonlinear Dymanics, Durham, NC) from three different replicate gels. A spot volume was calculated and each spot was assigned a normalized spot volume as a relative portion of the total value prior to analysis by ANOVA. Each individual protein spot was then matched with the identical protein spot from each replicate gel.
In-gel trypsin digestion. To identify the proteins resolved in gel that changed during the interactions between plants and microbes, the protein spots were excised and separately digested with trypsin, and analyzed by LC/MS/MS. Briefly, silver-visualized protein spots were manually excised from the gels. These gel plugs were transferred to polypropylene 96-well plates for further processing. We followed the protocol described by Sumner et al. (41) for removal of silver stain. Then the gel spots were dehydrated with 25 μl of acetonitrile (ACN) for 15 min at room temperature. After ACN removal, the gel spots were dried under vacuum and rehydrated in 20 μl of sequencing-grade modified bovine trypsin (10 ng/μl in 25 mM ammonium biocarbonate, Roche Diagnostics). After rehydration for 30 min on ice, excess trypsin solution was removed, and 15 μl of 25 mM ammonium bicarbonate was added to each well to prevent dehydration during incubation. Proteolysis was allowed to continue 13 hr at 37°C and stopped by adding 15 μl of 10% formic acid. All peptide extract fractions were pooled, concentrated until dry and resuspended in a 50:50 (%v/v) water-acetonitrile solution containing a final concentration of 0.1% formic acid.
LC/MS/MS.
Separations of the protein digests were achieved using a nanoscale HPLC system (LC Packings, San Francisco, CA) consisting of an autosampler (Famos), a precolumn switching device (Switchos), and an HPLC pump system (Ultimate). Samples (5 μl) were loaded onto a C18 precolumn (0.3-mm inner diameter x 1.0 mm, 100 Ǻ, PepMap C18, LC Packings) for desalting and concentrating at a flow rate of 50 μl/min using mobile phase A (5% ACN and 95% water containing 0.1% formic acid). The desalted peptides were then eluted from the precolumn and separated on a nano analytical column C18 column (75-µm ID X 15 cm, 100 Å, PepMap C18, LC Packings) at a flow rate of 200 nl/min. Peptides were eluted with a linear gradient of 5-40% mobile phase B (95% ACN and 5% water containing 0.08% formic acid) over 40 min. The separated peptides were directly analyzed with an ABI QSTAR Pulsar I hybrid Q-TOF mass spectrometer (Applied BioSystems) equipped with a nanoelectrospray ionization source (Protana). The nanoelectrospray was generated using a PicoTip needle (10-µm inner diameter, New Objectives, Woburn, MA) maintained at a voltage of 2400 V. TOF-MS and tandem mass spectral data were acquired using information-dependent acquisition (IDA) with the following settings: charge state selection from 2 to 5, an intensity threshold of 10 counts/s for tandem experiments, and a collision energy setting automatically determined by the IDA based on the m/z values of each precursor ion. Following IDA data acquisition, precursor ions were excluded for 90 s using a window of 6 amu to minimize the redundancy in tandem mass spectra.
Database queries and protein identification. For protein identification, the acquired mass spectral data were queried against the NCBI non-redundant protein database (NCBInr), downloaded on February 2007, using the MASCOT (version 2.2, Matrix Science Ltd., London, UK) search engine (42;43) with the following settings, a mass tolerance of 100 ppm, one trypsin mis-cleavage allowance, and two variable amino acid modifications, i.e., methionine oxidation and cysteine carbamidomethylation. Only protein identifications with a molecular weight search (MOWSE) score greater than the generally accepted significant threshold (determined at 95% confidence level as calculated by MASCOT; p < 0.05) and at least two matched peptides are reported in this study. The NCBInr also provides the origin of the protein by which we could differentiate proteins of plant origin from those of microorganism origin.
Results
Quantification of protein secretion and microbial growth. Proteins secreted by plants and microbes grown alone and during plant-microbe interactions ( Fig 1A) were quantified. The concentration of secreted proteins from each plant and microbe was very different when it was grown alone compared to the accumulation during plantmicrobe interactions. In the case of A. thaliana and M. sativa grown alone, we observed that M. sativa secretes 7.7 times more protein than A. thaliana per plant at 6 h ( Fig 1A) . In the case of bacteria alone, we found that S. meliloti secretes 242.95, 203.57 and 132.36 μg of total protein at 6, 12 and 24 hours, respectively, while P. syringae DC3000 only secretes 2.06, 97.51 and 15.69 μg of total protein over 6, 12 and 24 hours, respectively. For the interactions, the total secreted proteins at the end of the time course (24 h), increased compared with that secreted when the plants or the microbes were grown alone. For instance, when A. thaliana was inoculated with S. meliloti the increase of protein secretion was 49% higher after 24 h than when A. thaliana was inoculated with P. syringae DC3000 at the same time point (Fig 1A) . On the other hand, the protein exudation at 24 h during the interaction between M. sativa and S. meliloti increased by 41% in comparison to the interaction between M. sativa and P. syringae DC3000 ( Fig  1A) .
To ascertain that the increase in the secretion of proteins into the media was not due to an increase in the microbial growth during the interactions, we measured the optical density (O.D.) of P. syringae DC3000 and S. meliloti alone and in the presence of plants at 6, 12 and 24 h after inoculation (Fig 1B) . We observed that the two microbes alone grew similarly over time. However, in the case of A. thaliana inoculated with P. syringae DC3000, the growth of the bacteria at 24 h was more than three times higher than S. meliloti grown with A. thaliana, yet we saw more protein secreted in the A. thaliana -S. meliloti interaction (Fig 1A) . The growth of P. syringae DC3000 with M. sativa was more than five-fold higher than the growth of S. meliloti with M. sativa at 12 and 24 h (Fig 1B) , but again, more protein secretion was observed in the S. meliloti -M. sativa interaction. Therefore, it seems that the accumulation of protein in the interactions is not necessarily due to microbial growth.
Proteome analysis of root exudates in plantmicrobe interactions. Using a proteomic approach to study the secretions found during each of the interactions and while the organisms were grown alone, we found remarkable differences in the identity of proteins exuded by plants and microbes alone vs. during the specific interactions (Tables 1, and 2). Figure 2 illustrates the protein spots resolved by 2-DE and how those proteins changed in compatible vs. incompatible interactions. Although we did the proteomic analysis for each interaction and control at 6, 12, and 24 h, we only show representative images at 6 h for all interactions and independent organisms. Using the control gels from plants and bacteria alone, we were able to corroborate the origin of the identified proteins based upon their NCBInr annotation, represented as PAN in the tables. However, not all the proteins under PAN were identified from the same organisms used in this study (Supp. Tables 1 and 2 ). We found that in the case of plant proteins (Supp. In the M. sativa -S. meliloti interaction (Ms-Sm) (Fig 2) , secreted proteins above pI 5 clearly decreased in M. sativa inoculated with S. meliloti compared with M. sativa alone (Ms), and the secretion of proteins above 66 kDa by S. meliloti alone (Sm) disappeared in Ms-Sm. When M. sativa was inoculated with P. syringae DC3000 (Ms-Ps) this led to the accumulation of proteins lower than 14 kDa and proteins around pI 5 compared with Ms and P. syringae DC3000 alone (Ps).
In the interaction between A. thaliana and S. meliloti (At-Sm), the number of low molecular weight proteins (below 14 kDa) increased after S. meliloti inoculation (Fig 2) compared with A. thaliana (At) alone and Sm. In the interaction between A. thaliana and P. syringae DC3000 (AtPs) an increase in nine plant proteins related to defense [four peroxidases (spots 27, 38, 39 and 61), an endo 1,3-β-glucanase (spot 28), a putative secretory protein (spot 41), a beta-1,3-glucanase class I precursor (spot 42), and two chitinases (spots 56 and 59); Table 1 ] was observed compared with A. thaliana (At) alone.
Compatible interactions
Compatible interactions are defined as those that led to the development of a symbiosis (M. sativa-S. meliloti, Ms-Sm) or a disease (A. thaliana-P. syringae DC3000, At-Ps). For a more detailed analysis of how the proteins were secreted over time, we analyzed the quantitative data collected at 6, 12, and 24 h, using the Phoretix 2D Expression software for each interaction and microorganism alone (Tables 1 and 2 ; Experimental procedures). The interaction Ms-Sm caused an increase of at least one-fold in the secretion of seven proteins from plant origin (spots 15, 16, 17, 18, 19, 22 and 23; Table 1 ) in two or more time points compared with the plant control. From those seven proteins three were determined to be from the glycosidase hydrolase family 18 (spots 17, 18 and 19), one was a peptidase (spot 23), one a peroxidase precursor (spot 16) and one a thaumatin-like protein PR-5b (spot 15). These accumulated in the exudates more than two-fold in comparison with the plant alone. In addition, four proteins, a superoxide dismutase (spot 73; Table 2 ), an hypothetical protein SMc02156 (spot 92), a putative glycine betainebinding ABC transporter protein (spot 96) and a putative outer membrane lipoprotein transmembrane (spot 97) of bacterial origin (Table  2) were increased 1.5-fold more in the Ms-Sm interaction than in Sm at one or more time points. On the other hand, it was observed that five proteins, all of plant origin, were decreased specifically in the Ms-Sm interaction at two or more time points (spots 2, 5, 9, 10 and 12; Table   1 ) compared to Ms. Of these five proteins, a beta-1,3-glucanase (spot 2), a peroxidase (spot 5), and a PR-1 pathogenesis related protein (spot 10) were secreted in a greater than two-fold increase when compared with the plant control. Furthermore, four proteins were undetectable in two or more time points in this interaction (spots 3, 102, 103 and 104; Tables 1 and 2 ) from which a all of them, except spot 3, were found to be of bacterial origin.
In the interaction At-Ps, five proteins (spots 38, 40, 61, 62 and 136; Tables 1 and 2) were induced at two time points. From these five proteins, only a neutral protease (spot 136) was found to be from bacterial origin. Tables 1 and 2) were not detected in the interaction between A. thaliana and P. syringae DC3000 in at least two time points. From those nineteen proteins, only nine proteins [a membrane protein involved in aromatic hydrocarbon degradation (spot 121), a putative phosphate-binding periplasmic protein (spot 123), a proteinase K (spot 124), an outer membrane protein (spot 131), a phosphate ABC transporter (spot 132), an amino acid ABC transporter (spot 133), a PotF1 protein (spot 134), a translation elongation factor Tu (spot 137) and an outer membrane porin (spot 142)] are from bacterial origin.
Incompatible interactions
Incompatible interactions are defined as those that did not lead to symbiosis (A. thaliana -S. meliloti, At-Sm) or disease (M. sativa -P. syringae DC3000, Ms-Ps). To determine whether the secreted proteins identified in the compatible interactions were similarly secreted during the incompatible interactions, we compared the quantitative data given as a normalized volume for each of the 148 proteins identified in the interaction Ms-Ps and At-Sm (Tables 1 and 2 ).
In the incompatible interaction between Ms-Ps, we found that the response in protein exudation was different from the compatible reaction. In Ms-Ps we found that in response to P. syringae DC3000 inoculation, M. sativa increased the secretion of seven proteins in at least two time points compared with the plant control (spots 3, 16-19, 22 and 23; Table 2 ] were induced more than one-fold in at least one time point compared with the bacteria control. It was also observed that in this incompatible interaction Ms-Ps the secretion of eight proteins from plant origin (spots 1, 4, 6, 7, 10, 12, 15 and 20; Table 1 ) decreased in at least two time points compared with the plant control. Five of those proteins [a polygalacturonase-inhibiting protein (spot 1), and a PR-1 pathogenesis related protein (spot 10), a thaumatin-like protein PR-5b (spot 15) and a PR10-1 protein (spot 20)] were secreted by M. sativa more than one-fold more in one time point (6, 12 or 24 h) in the compatible interaction with S. meliloti. In contrast, we found that a polygalacturonase-inhibiting protein (spot 1), a putative hydroxyprolin-rich glycoprotein (spot 8) and a ribulose-1,5-biphosphate carboxylase (spot 13) were not detected at two time points in the interaction Ms-Ps compared to the plant control or the compatible interaction Ms-Sm.
We also studied the differences in protein secretion in the incompatible interaction At-Sm. Significant differences were observed in this interaction in comparison to the compatible interaction of At-Ps. For instance, seventeen proteins from plant origin (spots 29, 36, 39, 40, 45-48, 50-54, 58, 70, 71 and 72; Table 1) were induced in at least two time points for this incompatible interaction, but seven of those, a putative lectin (spot 29), a pepsin A (spot 36), a glutathione dehydrogenase (spot 46), a F18014.33 protein (spot 51), an uclacyanin protein (spot 52), a xyloglucan endotransglycosylase (spot 53) and a thioredoxin m2 (spot 54), were not at all or were only slightly secreted during the compatible interaction At-Ps. Furthermore, it was observed that fifteen proteins from plant origin (spots 26-28, 31-34, 38, 41-43, 57, 59, 61 and 68; Table 1 ) were decreased in secretion in at least two time points and from those fifteen, eight proteins [three peroxidases (spots 27, 38 and 61), a glycosyl hydrolase family 17 (spot 28), a putative secretory protein (spot 41), a beta-1,3-glucanase class I precursor (spot 42), an osmotin protein (spot 43) and a chitinase (spot 59)] were secreted in abundance at 6h in the compatible interaction AtPs compared to the plant control. Eighteen proteins from bacterial origin (spots 74, 75, 78, 79, 84, 87, 89, 94, 95, 97, 98, 101-106 and 109; Table  2) were not detected at two or more time points in the interaction At-Sm.
Discussion
Plants and microbes engage in several forms of interaction, including those leading to disease, symbiosis or innocuous associations. For the most part, studies of these interactions have been focused on secondary metabolites or gene responses that may affect the response of the organism (15;45-48). We approached this study in a different way. We sought to eavesdrop on the communication between roots of two plants and two soil-borne bacteria at the protein level, treating the release of proteins by both types of organisms as the actual "language" of the discussion. We reasoned that the roots and the bacteria would respond differently depending on the root or bacterial partner in terms of protein secretion. Accordingly, we analyzed the protein composition of the exudates related to the interactions between the roots of two plants (A. thaliana and M. sativa) in the presence or absence of P. syringae or S. meliloti (Table 1 and 2) . Proteins secreted in the root exudates have been the subject of increasing interest for their different enzymatic activities in soil (49-51). However, root-and bacterial-secreted proteins may play an active role in recognition establishment between plants and microbes during compatible and incompatible interactions. Here, we show that protein secretion by roots changes depending on the identity of the interacting microorganism ( Figs  1 and 2 ). This change is totally independent of the amount of bacteria that is in contact with the roots (Fig 1B) . This discovery, combined with previous studies indicating that plants have developed systems for monitoring the presence of microorganisms or microbial molecules (3;5;52), led to the hypothesis that plants can also respond to different bacteria through quantitative and qualitative changes in protein secretion into the rhizosphere (Figs 1 and 2 ). Using 2-DE gels, we monitored the specific changes in protein secretion in compatible and incompatible interactions (Fig  2) . The results of this work support the idea that detection of different microorganisms by a plant triggers differential responses that culminate in either a symbiotic or defense response (53). Based on our data we also conclude that the presence of a plant induces the differential secretion of proteins by a given bacteria. In this study, more than 100 secreted proteins were identified in the interaction between M. sativa with S. meliloti or P. syringae (Tables 1 and 2 ). Five of them, which were identified as plant-pathogenesisrelated (PR) proteins [three chitinases (spots 11, 18 and 19), a thaumatin-like protein PR-5b (spot 15), a PR10-1 protein (spot 20)], were secreted in abundance by M. sativa inoculated with S. meliloti at six hours, but were not secreted as much when it was inoculated with P. syringae (SFig 1; Table 1 ) in a non-nitrogen-limiting condition. The fact that M. sativa responds faster by secreting proteins in the presence of S. meliloti, but not in the presence of P. syringae, suggests that an efficient signaling process similar to that operating during pathogenic interaction takes place during the early interaction with S. meliloti (15;54-56). For instance, PR10-1 (spot 20) has been considered to belong to the group of secreted and extracellular proteins (57) and expressed exclusively during nodulation (58). Our data further suggest that this protein is a specific signal for compatible recognition from the roots at the early stages of the interaction occurring during the first six hours (SFig 1; Table  1 ) even if the nodulation process was not achieved under our experimental conditions (data not shown) because of nitrogen abundance. For instance, certain chitinase isoenzymes are specifically induced only in the early stage of soybean nodulation (59); therefore, it is not surprising to find specific chitinases secreted in response to different microorganisms. In fact, chitinases of legumes have received particular attention because certain rhizobia nod factors are substrates for chitinases (60). Thus, it has been proposed that cleavage of nod factors is necessary to limit the amount of active Nod factors after their perception by the host plant (61;62).
In the incompatible interaction between M. sativa and P. syringae, two chitinases [also called hydrolase family 18 (spot 17 and 22)] were secreted 15-fold more in comparison with the plant control at 24 h (SFig 1). It is known that the expression of different chitinase classes are due to compatible or incompatible interactions (63;64) and due to their pI can be induced by either salicylic acid, jasmonic acid or ethylene (63-65). Therefore, we argue that because the chitinases that are induced in the presence of S. meliloti are acidic accordingly to their pI (spots 18 and 19; Table 1 ) and the chitinases secreted in the presence of P. syringae DC3000 are basic (spots 17 and 22; While secondary metabolites from root exudates have been shown to be involved in mycorrhizal associations (67), plant growthpromoting bacteria (68) and quorum sensing (69;70), the role of plant-secreted proteins involved in the communication establishing bacterial recognition has not been a topic of discussion. In this study, the compatible interaction between A. thaliana and P. syringae was also studied using proteomics (Fig 2; Tables 1  and 2 ). The participation of endogenous root proteins in the interaction with pathogenic and nonpathogenic microorganisms has been wellstudied (66;71-77). We report in this study that plants also secreted proteins into the rhizosphere as part of the process of differentiating between a pathogen and a non-pathogen. Xylella fastidiosa secretes a wide variety of proteins that are related to bacterial survival and pathogenesis (78) . However, such extracellular proteins were not identified and the specific mechanism by which root exudates alter the production of extracellular proteins in the presence of other microorganisms remains unknown. We identified more than 100 secreted proteins in A. thaliana interacting with P. syringae (Tables 1 and 2 ) from which only six proteins related to defense, such as peroxidases (spots 27, 38 and 61), glycosyl hydrolase family 17 (spot 28), basic chitinase (spot 56) and glycosyl hydrolase family 18 (spot 59), were highly secreted soon after initial contact with P. syringae (by six hours), but not in the incompatible interaction with S. meliloti (SFig 2; Table 1 ). However, after 12 hours the secretion of these proteins was significantly reduced compared with the plant control (SFig 2; Table 1), strongly suggesting that A. thaliana can modify root protein exudation in response to a compatible or incompatible interaction with microorganisms (79) .
Lectins are another important class of proteins studied for their role in plant-microbe recognition (80;81) . In this study, two lectins (spot 29 and 70; SFig 2) were found to be secreted in greater quantity in the presence of S. meliloti than in the presence of P. syringae, suggesting that S. meliloti could be recognized by the plant while P. syringae could not. This result also indicates that because P. syringae is a pathogenic bacterium for Arabidopsis, it could suppress the plant's defense response and freely infect the plant as has been suggested by other authors (79) . Although it has been suggested that the proteins released along roots during cell separation could play a role in innate immunity in plants (51), but this hypothesis has not been proven. Here, we demonstrate that A. thaliana can selectively secrete defense proteins at an early stage of interaction with P. syringae. We also found evidence that bacteria are also able to change the proteins they secrete depending on the identity of the plant partner, a fact which argues for a two-way protein-based communication between the organisms (Tables 1  and 2 ). As different extracellular proteins can be found in different microorganisms (82) (83) (84) , their role as communication molecules with plants remains unknown. It has been found that the addition of the leguminous flavonoids genistein and naringenin to the bacteria Sinorhizobium fredii induced and enhanced the secretion of bacterial proteins into culture (85) . We found that two proteins related to recognition of P. syringae and S. meliloti, the elongation factors and flagellin (spots 85, 86, 111, 112, 117, 130, 137 and 144; Table 2 ), which are known to function as key signals for the initiation of the defense response in bean (32;86), were secreted in the interaction between the two plants and the two microorganisms studied. Furthermore, the elongation factor Tu (spot 137; Table 2 ) was only found to be secreted in the interaction between M. sativa and P. syringae DC3000. This suggests that this bacterial protein is eliciting the innate immunity in M. sativa, but not in A. thaliana.
One important bacterial protein for symbiosis is superoxide dismutase (87); this protein is specifically induced during the early process of infection (48). We found that S. meliloti secretes more quantities of superoxide dismutase (Table 2 ; SFig 3) in the interaction with M. sativa than that with A. thaliana, but only at 12 hours, which suggests that the bacteria is specifically recognizing M. sativa. It has been found that superoxide dismutase in S. meliloti is necessary for symbiotic properties (87) . Furthermore, we found that even the proteins involved in the transport system such as ABC transporters (SFig 3 and 4), which constitute the largest class of the genome of S. meliloti (88) and P. syringae (89), change in secretion during the interaction with either M. sativa or A. thaliana compared to the bacterial control.
Because microorganisms in the rhizosphere are so abundant, it has been suggested that roots and these organisms engage in complex forms of communication (90) Table 2 . The error bars illustrate the SE values of three repetitions (n=3).
SFigure 4.
Comparative histogram of normalized volume values of the secreted proteins from P. syringae DC3000 in the presence and absence of plant. The major differences in the secreted proteins of P. syringae (Ps), P. syringae in presence of M. sativa (Ps-Ms) and P. syringae in presence of A. thaliana (Ps-At) at 6, 12 and 24 hours are shown. The normalized volume differences were analyzed by Phoretix 2D Expression software. One hundred and fifty micrograms of protein for each experiment were analyzed by 2-DE as described in Experimental procedures. The spot numbers represent the identified proteins which are listed in Table 2 . The error bars illustrate the SE values of three repetitions (n=3). 
